To investigate the molecular basis for the phenotypic diversity and evolutionary relationships within Oryza sativa, we performed large-scale end sequencing and chromosomal in silico mapping (mapping by sequence homology) of rice BAC (bacterial artificial chromosome) clones derived from an indica rice cultivar, 'Kasalath'. In total, 78,427 high-quality BAC-end sequences (BESs) showing an average read-length of 482 bp with a total of 37.8 Mb of genomic sequences were obtained from 47,194 BAC clones. After removal of those BESs containing repetitive sequences and use of the high-quality genomic sequence of the japonica rice cultivar 'Nipponbare' as a reference standard, 12,170 clones with paired BESs were mapped in silico to the 12 chromosomes. These clones consisted of 450 contigs and showed a total physical length of 308.5 Mb, indicating a coverage of the rice genome of about 80 %. Confirmation of the chromosomal positions of the Kasalath BAC clones mapped on chromosome 1 using specific DNA markers revealed that the map accuracy was extremely high: at least 94.8 %. In general, the genomic composition and structure of all the chromosomes were highly conserved between the two subspecies. However, we still found evidence suggesting the existence of different components in the genome of the two subspecies within large chromosomal fragments, especially on chromosomes 11 and 12. Extensive analysis of the genomic sequences of Nipponbare and Kasalath revealed a frequency of 0.71 % for single nucleotide polymorphisms (SNPs) and 1.23 sites per kilobase for indels (1-16 bp length), respectively. The BAC-based Kasalath map could become an invaluable resource, not only for the isolation of genes, but also for conducting extensive analyses of genomic sequences for comparative genomic studies within or between species.
Introduction
Rice is an important crop, as it supplies staple food for about half of the world population. Also, because of the close syntenic relationship between rice and other cereals, the sequencing of the rice genome is expected to contribute significantly to the improvement of human livelihoods through the improvement of yield and nutrients, not only of rice itself, but also of other cereals such as wheat, barley and maize. At the end of 2002, the International Rice Genome Sequencing Project (IRGSP) announced that it had completed a highquality draft sequence obtained from the genome of a rice (Oryza sativa L.) ssp. japonica cultivar, 'Nipponbare' (http:// rgp.dna.affrc.go.jp/IRGSP/whatsnew.html). Among the 12 rice chromosomes, complete sequencing of chromosomes 1, 4 and 10 has been achieved (Feng et al. 2002 , The Rice Chromosome 10 Sequencing Consortium 2003 . This significant achievement has therefore created new opportunities in plant biological research.
One of the advances that accompany this determination of genome sequences is the opportunity to perform comparative genomic studies of related species or subspecies to elucidate genome evolution and functions. Although the genus Oryza is a minor component of the family Poaceae, rice has been cultivated all over the world and is remarkable in its diverse ecological adaptations (Vaughan et al. 2003) . All the rice cultivars presently cultivated are derived from 2 species, O. sativa L. and O. glaberrima Steud. (the only area planted to glaberrima rice, in central West Africa, is almost negligible) (http://www.fao.org/WAICENT/FAOINFO/AGRICULT/AGP/ AGPC/doc/riceinfo/Riceinfo.htm). Because, in the course of its domestication, rice has been adapted to different temperature regimes over the growing season, O. sativa L. now consists of 3 subspecies: japonica, indica and javanica (or bulu). Besides variations in temperature tolerance, these subspecies also show variations in the tillering capacity, leaf color, grain shape, and disease resistance. Most notable scientific studies of rice have been conducted on cultivars of the japonica and indica subspecies. These studies, particularly those carried out during the past 10 years using advanced molecular experimental techniques and the increasing numbers of genome sequences in public databases, have contributed to significant progress in rice genetics and biology, including the successful isolation and analysis of a number of genes (Takahashi et al. 1998 , Ashikari et al. 1999 , Yano et al. 2000 , Kojima et al. 2002 .
As in humans and Arabidopsis, whose genomes have already been fully sequenced, the emphasis of the current studies on the rice genome has changed to one of functional analysis. For this purpose, it is now well recognized comparative genomics is an effective tool. In the comparative genomics of related species or subspecies, an important first step is to obtain a marker-based physical map with good quality and high chromosomal coverage. Although other methods, including the combination of BAC-end sequencing and BAC fingerprinting, have been used (Gregory et al. 2002) , large-scale BAC-end sequencing is currently the most effective approach for constructing comparative physical maps. A comparative map of the human and chimpanzee genomes has been constructed by using paired chimpanzee BAC-end sequences (BESs) aligned with BLAST to the human genome sequence (Fujiyama et al. 2002) . A similar method has also been applied for the construction of cattlehuman and rice-sorghum comparative maps (Klein et al. 2003 , Larkin et al. 2003 . Within the rice species O. sativa L., rice cultivars derived from the indica subspecies account for more than 70 % of the world production, although their current yield (per area) is only about half of that of the japonica subspecies. However, since the indica rice cultivars display a considerable drought tolerance and resistance to insects and diseases, such valuable resources may become useful in future. We have already constructed a high-density rice genetic map with 186 F 2 plants, a population derived from the japonica rice cultivar Nipponbare and the indica rice cultivar Kasalath as parents (Harushima 1998 , http:// rgp.dna.affrc.go.jp/publicdata/geneticmap2000/index.html). For preliminary comparative analysis of the rice genome, we have recently performed large-scale end sequencing of a Kasalath BAC library that contained 47,194 clones . By using the Kasalath BAC-end sequences (BESs) that we obtained and the published high-quality genomic sequences of Nipponbare rice as a reference standard, we have constructed a physical map for the genome of Kasalath rice. Here, we present detailed results of the generation of BAC contigs for each Kasalath chromosome that are estimated in total to cover nearly 80 % of the genome; these results demonstrate again that in silico chromosomal mapping using a sequenced genome as the reference standard is a very effective tool for comparative genomics.
Materials and Methods

BAC-End Sequencing
The BAC library derived from the rice cultivar 'Kasalath', an indica cultivar, was constructed in a previous study . This MboI-based BAC library consists of 47,194 recombinant clones with an average insert size of 133 kb; it is estimated to cover about 14 equivalents of the entire genome. BAC clones were inoculated and grown on 2 duplicated 96-deep-well plates (each well containing 1 mL 2 × YT medium) for 22 h at 37°C, with shaking, in an incubator (MBR-022, Taitec, Saitama, Japan). Preparation of DNA of each BAC clone was carried out in a 96-well format by using a liquid-handling robot (Quadra 3, Tomtec, Hamden, CT, USA). Bacterial cells were harvested by centrifugation and were lysed according to the standard alkaline lysis protocol. The bacterial lysate was filtered through a QIAfilter (R.E.A.L. ® Prep 96 Plasmid Kit, Qiagen, Venlo, Netherlands) to remove debris. The BAC DNA was purified by isopropanol precipitation. Finally, the DNA was dissolved in 50 µL of deionized H 2 O and treated with a sonicator (Sonifier 450, Branson, Danbury, CT, USA) to shear the DNA into fragments (about 1 kb long) for BAC-end sequencing.
A volume of 10 µL BAC DNA (ca. 1 µg) was used as a sequence template. The sequencing reaction was conducted in a 20-µL solution containing 4 µL of a Big Dye terminator reaction mix (ABI, Foster City, CA, USA), 10 pmol of primer DNA, and 2.5 mM MgCl 2 , under the following conditions: 97°C for 2 min, followed by 50 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. Primers used for the above sequencing reaction were 5′-TAATACGACTCACTATAG GG-3′ on the T7 side and 5′-CGCCAAGCTATTTAGGTG AC-3′ on the SP6 side of the cloning vector, pBeloBAC11 (Shizuya et al. 1992) . Reaction products were cleaned up by using a Multiscreen 384SEQ filter (Millipore, Billerica, MA, USA), and sequence analysis was performed on ABI3700 capillary sequencers (ABI). The quality of the output sequence was checked through base-calling using Phred software ). After the vector and E. coli DNA sequences had been removed, we first investigated the quality values of each BAC-end sequence within the first 200-bp region. End sequences containing more than 50 % low-quality (Phred < 20) bases within this region were omitted. End sequences less than 100 bp long were also excluded.
In Silico Mapping
To perform in silico mapping of Kasalath BESs to the chromosomes, we used the completed draft sequence of Nipponbare as a reference (http://rgp.dna.affrc.go.jp/IRGSP/ whatsnew.html). Based on the ordered PAC/BAC clones, pseudomolecules for each of the 12 chromosomes were constructed by trimming the overlapping regions and filling the gap regions between contigs with a number of Ns (sequence gaps with 50 Ns and physical gaps with 100 Ns).
To promote in silico mapping more effectively and accurately, Kasalath BESs containing the rice repetitive sequences were filtered out by searching the TIGR Rice Repeat Database (http://www.tigr.org/tdb/e2k1/osa1/blastsearch. shtml) using BLASTN (Altschul et al. 1997) . Only paired BESs that did not show or showed weak hits (E > 10 −50 ) to the sequences in the Repeat Database were used for in silico mapping. Similarity search of each BES against the 12 pseudomolecules of the Nipponbare genome was carried out using BLASTN 2.1. From all the BLAST alignments, the results of each BES were extracted and analyzed for chromosomal assignment by using the following criteria: (1) sequence identity > 90 % and alignment coverage > 50 %; (2) mapped positions of each mate-pair < 200 kb apart on the same chromosome; (3) no ambiguity in the orientation of each matepair; (4) BLAST hit score E < 10 −100 ; (5) single hit at least for one of paired BESs; (6) no physical gaps between the paired BESs in the pseudomolecules; (7) no redundant chromosomal locations.
Analysis of SNPs and Indels
Only nucleotides with Phred score > 30 within the mapped Kasalath BESs were used to check the frequencies of single nucleotide polymorphisms (SNPs) and insertions/ deletions (indels) by comparing them with the finished sequences of Nipponbare chromosomes 1, 4, and 10. We investigated the base transversion and transition that induced the SNPs. Based on the BLAST parameters used for in silico mapping, indels with long sequences could not be detected in this study. Table 1 shows the results of our large-scale BAC-end sequencing of 47,194 Kasalath clones. After trimming the E. coli and vector DNA sequences, we obtained 78,427 BESs (83.1 % overall success rate). The read-length of these BESs, after exclusion of low-quality (Phred ≤ 15) bases, ranged from 113 to 768 bp (Fig. 1) . The average value of the readlength from all the BESs was 482 bp. The above results indicate that a genomic region with a total length of 37.8 Mb (including redundancy) was sequenced in this study, accounting for about 8.8 % of the entire genome of Kasalath rice, assuming that the genome size of Kasalath was equal to that of Nipponbare. Within the 78,427 BESs, 73,564 (93.8 %) were mate-pairs (36,782 clones). Of these, 23,264 (31.6 %, 11,632 clones) were known to contain repeats after BLAST searching against the Rice Repeat Databases using the cutoff of E < 10 −50 .
Results
BAC-End Sequencing
In Silico Mapping of BESs
When we removed the BESs (clones) that contained repeated sequences, a total of 50,300 Kasalath BESs (or 25,150 clones) remained and were used for chromosomal in silico mapping. As shown in Table 2 , 48.4 % (24,340 BESs or 12,170 clones) of the total BESs were mapped specifically on the 12 pseudomolecules of rice chromosomes after analysis of the results of a BLAST search of these BESs against the 358 Mb of the Nipponbare rice genome sequence (refer to criteria in Methods). More than 95 % of the BESs mapped on each chromosome, except for those on chromosomes 4 and 10, showed single hits to Nipponbare genome sequences. Respectively, about 10 % and 7 % of the BESs mapped on chromosomes 4 and 10 revealed multiple hits. Although some unusual clone distribution and redundancy were observed in a limited number of genomic regions along the 12 chromosomes, the 12,170 Kasalath BAC clones mapped in silico based on the Nipponbare genome sequence, were found to consist of 450 contigs and showed a total physical length of 308.5 Mb (Table 2 and Fig. 2) . The contig number on each Kasalath chromosome ranged from 27 to 47. The biggest contig, built on chromosome 1, consisted of 323 clones that revealed a physical length of 6.5 Mb. Contig gaps were concentrated much more in the pericentromere, centromere, or other heterochromatic regions than in the euchromatic regions of each chromosome arm (Fig. 2) . Map coverage of each Kasalath chromosome in relation to the length of each pseudomolecule of Nipponbare chromosome ranged from 70.4 % to 93.8 %. Total chromosomal coverage of the Kasalath BAC-contig map in relation to the Nipponbare pseudomolecules was 86.2 %.
Confirmation of In silico-Mapped BAC Contigs
We previously constructed a high-density rice genetic map using an F 2 population (186 plants) derived from the two parents, Nipponbare and Kasalath (Harushima et al. 1998) . Moreover, more than 6500 STS/EST markers were generated between these two rice cultivars during the construction of a comprehensive EST map (Wu et al. 2002) . In the present study, we selected 270 markers on Nipponbare chromosome 1 to verify the comparative Kasalath BAC contigs mapped in silico (one marker per BAC clone). In accordance with the mapped positions of Kasalath BESs on Nipponbare pseudomolecules, specific primers derived from the genetic and EST maps were used for PCR amplification, in which each corresponding Kasalath BAC DNA was used as the template. Of the 306 Kasalath BAC clones that comprised the minimum tiling path on chromosome 1, we demonstrated that 290 contained the above corresponding marker sequences. This result, therefore, indicated that the accuracy of in silico mapping of Kasalath BAC clones could be estimated at 94.8 %.
Comparison of SNP and Indel Frequencies of the Two Cultivars
By comparing the finished genomic sequences from Nipponbare chromosomes 1, 4, and 10 with the high-quality (Phred > 30) sequences of the in silico-mapped Kasalath BESs, we compared the frequencies of the SNPs in the genome of the two subspecies. There were 1843, 1048, and 782 Kasalath BAC clones mapped in silico on these 3 chromosomes, respectively. Based on the observation of the 1,710,880 bp, 962,928 bp and 726,465 bp of the aligned sequences in the 2 cultivars, we observed that 11,999 bp (0.70 %), 6,461 bp (0.67 %) and 5,801 bp (0.80 %) of SNPs, respectively, were located on chromosomes 1, 4 and 10 ( Table 3) . The SNP frequency on chromosome 10 therefore appeared to be higher than that on chromosomes 1 and 4. Analysis of the base changes in the SNPs revealed that 69.3 % of the SNP sequences resulted from DNA transitions (A ↔ G or C ↔ T). On the other hand, 4,187 small indels ranging from about 1 to 16 bp in length were observed on the 3 chromosomes in the 2 genome. The average rate of occurrence of these indels was similar among the 3 chromosomes, with 1.23 sites per kb.
Data Access and Clone Availability
Details of the physical maps obtained by in silicomapping for all the Kasalath chromosomes can be viewed through the RGP Web site (http://rgp.dna.affrc.go.jp/public data/kasalathendmap/index.html). The BESs of Kasalath can be analyzed by BLAST searching and also downloaded on the RGP Web site homepage (http://rgp.dna.affrc.go.jp/ blast/runblast.html).
The Kasalath clone mapped in this study will be available from NIAS DNA Bank (http://rgp.dna.affrc.go.jp/rgp/ orderforms.html).
Discussion
In plants, comparative genomics is expected to play a significant role in increasing our understanding of phenotypic, physiological, and metabolic diversity at the molecular level (Hall et al. 2002) . Such studies have been conducted in the Brassicaceae family by using the Arabidopsis genome sequence as a reference standard (Acarkan et al. 2000 , Rossberg et al. 2001 . Comparative genomics in rice, one of the major crops, is particularly important, not only for enhancing our understanding of phenotypic adaptations but also for facilitating the genetic improvement of cultivars among the monocots. Approximately 78,500 high-quality BESs with an average read-length of 482 bp and a total length of 37.8 Mb were obtained from the indica rice cultivar Kasalath (Table 1 and Fig. 1) . Among all the BESs, 31.6 % (23,264 BESs or 11,632 clones) were found to contain repeats in the public database, using the BLAST cutoff of E < 10 −50 . Similarly to the results reported for the finished sequences of Nipponbare chromosomes 1, 4 and 10, a large number of the repeated sequences within the above BESs were known to be rice transposable elements (TEs), belonging mostly to the gypsy-type retrotransposons (Feng et al. 2002 , The Rice Chromosome 10 Sequencing Consortium 2003 . To perform in silico mapping, the quality of BESs as well as the parameters set for extracting results after the BLAST search are the most important factors influencing the efficiency and accuracy of map construction. Comparison of linkage maps and genomic sequences of the japonica and indica rice cultivars has revealed the existence of a highly conserved gene order and chromosome length (Feng et al. 2002, Han and Xue 2003) . Moreover, the rice TEs are known in general to be absent in large clusters within the rice genome, except for the heterochromatic regions, including pericentromeric and centromeric regions (Mao et al. 2000 , Wu et al. 2003 . The removal of all the Kasalath BESs containing sequences homologous to the repeats in the public databases from chromosomal mapping did not affect appreciably the map coverage but was aimed at avoiding the complications of map construction. We also set rigid criteria, particularly for the BLAST score and the positions of mate-pairs (as given in the Methods section) to ensure the accuracy of in silico mapping. As a result of the BLAST search against the 358 Mb Nipponbare rice genome sequence, among the 25,150 clones with paired and filtered BESs, 12,170 (48.3 %) were successfully assigned to the 12 rice chromosomes. These clones showed an average redundancy of 5 times (estimated clone average size of 148.8 kb) and formed 450 contigs covering 86.2 % of the current 12 pseudomolecules of the Nipponbare genome (Table 2 and Fig. 2) . As the 12 pseudomolecules were known to cover about 90.0 % of the Nipponbare genome, the coverage of the BAC contig maps constructed for the Kasalath genome was estimated to be about 77.6 %. We therefore conclude that most of the genomic regions in the Kasalath genome, except for those enriched with repeated sequences, were covered by the BAC contigs in the present study. Genome coverage of a physical map (21,078 BACs) constructed for another indica cultivar, 'Teqing', through fingerprinting of 3 BAC libraries showed a value of about 97 %, which might have been overestimated owing to undetected overlap or the presence of redundant clones between each contig (Tao et al. 2001) . We consider that the map which we constructed for the Kasalath cultivar is highly accurate and reliable, as was confirmed for chromosome 1. Importantly, our map supplies extensive information on the chromosomal position of each BAC clone, which should be very useful for performing comparative studies of the genome of the two subspecies, especially within a limited chromosomal region.
In total, about 14 % of the genomic regions in the pseudomolecules of the 12 Nipponbare chromosomes remained as gaps, because no Kasalath BAC clones could be mapped (Table 2 and Fig. 2) . Besides the regions for which DNA might not have been cloned in the library, several other reasons can be considered, as mentioned below. The first reason is that each chromosome may contain a different number of repeated sequences. Respectively, 13 %, 18.3 % and 18 .0 % of the total sequences were reported to be derived . Particularly on the short arms of chromosomes 4 and 10, which contain a considerable amount of heterochromatin with an enrichment of repetitive elements, our physical maps there revealed the presence of many more gaps and a lower coverage than on the other chromosomes. Similar results could also be observed in the maps for each pericentromeric and centromeric region. The second factor that could have reduced the mapping efficiency is the presence of segmental duplications within the genomes (Wu et al. 1998) . About 350 BAC clones were mapped in silico to multiple regions of the chromosomes that were excluded from the physical map because they lacked the specificity of chromosomal locations. As a third reason, the presence of considerable changes in genomic composition and organization between each homologous chromosome, especially because of genomic rearrangements resulting from large-scale DNA insertions or deletions, should reduce the efficiency of in silico mapping. On each long arm of chromosomes 11 and 12, for example, one large region showed a length of 1.35 Mb and 0.69 Mb, respectively, where no Kasalath BAC clones could be mapped in silico. This might explain why the map coverage of these 2 chromosomes in our study was significantly lower than that of the other chromosomes. This kind of information is very important, because it may give the opportunity to directly investigate the genomic diversity between related species. The gap region on chromosome 11 was located at a position that carries the loci of the genetic marker V78 (RZ537), which is co-segregated with the marker RG130, known to be closely linked to the bacterial blight-resistance gene Xa21 (Causse et al. 1994) . It is interesting to compare the genomic composition and structure through mapping and sequencing of the Kasalath chromosome to determine the evolutionary events that have affected these 2 genomic regions. Identification of positive BAC clones covering the above unmapped regions is possible by end-walking and confirmation of the chromosomal positions of candidate clones through PCR or Southern hybridization usuing specific DNA markers and/or by conducting DNA fingerprinting experiments. The high coverage of our comparative map of the Kasalath genome constructed in silico indicates that structures for most of the chromosomal regions between the 2 subspecies were highly conserved. We furthermore investi-gated the chromosome-wide occurrence of SNPs in the 2 cultivars by using the genome sequences of Nipponbare chromosomes 1, 4 and 10 and Kasalath BESs. The observed frequencies of SNPs ranged from 0.67 % to 0.80 % for the 3 chromosomes (Table 3 )-values comparable to those previously reported in rice (Feng et al. 2002 , Nasu et al. 2002 . As it was confirmed that all the nucleotides showing SNPs in the in silico-mapped Kasalath BESs displayed high-quality values (Phred score 39.5 on average), the above results are considered to be reliable.
We demonstrated that in silico mapping is a very effective and reliable method for constructing a comparative physical map between the genomes of two different rice subspecies. The Kasalath BAC clones and their map information should be an invaluable resource, not only for gene isolation following precise genetic analysis, but also for gaining an extensive understanding of genome evolution at the molecular level. Knowledge of the diversity of rice has thus far been limited to morphological characteristics and their relations with the environment (Vaughan et al. 2003) . Little is known at the genomic level. Our results therefore should contribute significantly to studies aimed at constructing a comparative inter-species map of the genus Oryza by using the standard Nipponbare sequence. 
